Turbulent flow over a surface with streamwise-elongated rough and smooth stripes is studied by means of direct numerical simulation (DNS) in a periodic plane channel with fully resolved roughness. The goal is to understand how the mean height of roughness affects the characteristics of the secondary flow formed above a spanwise-heterogeneous rough surface. To this end, while the roughness texture as well as the width and spacing of the rough stripes are kept constant, the elevation of the smooth stripes is systematically varied in different simulation cases. Utilizing this variation three configurations representing protruding, recessed and an intermediate type of roughness are analysed. In all cases secondary flows are present and the skin friction coefficients calculated for all the heterogeneous rough surfaces are meaningfully larger than what would result from the area-weighted average of those of homogeneous smooth and rough surfaces. This drag increase appears to be linked to the strength of the secondary flow. The rotational direction of the secondary motion is shown to depend on the relative surface elevation. The present results suggest that this rearrangement of the secondary flow is linked to the spatial distribution of the spanwise-wall-normal Reynolds stress component which carries opposing signs for protruding and recessed roughness.
Introduction
Occurrence of a pronounced fluid motion perpendicular to the main flow direction has been observed in various wall-bounded flow configurations. Prandtl (1931) introduced the term secondary flows for this phenomenon and categorized them into three kinds. Secondary motions of Prandtl's second kind, which are in the focus of the present paper, occur in turbulent flows and are related to inhomogeneities of the Reynolds stresses. The classical example of this kind of secondary motion is flow in ducts with non-circular cross sections, which was first reported by Nikuradse (1926) . In spite of its weak intensity, the secondary motion is known to be able to noticeably deform the primary mean velocity profile. Secondary flow of Prandtl's second kind can also occur in plane or symmetrical wall-bounded flows (i.e. channels or pipes) if a local spanwise inhomogeneity in wall conditions is present, due to e.g. surface roughness. The pioneering work by Hinze (1967 Hinze ( , 1973 demonstrated the formation of secondary motions over flow-aligned roughness stripes in a duct with an upwelling motion above the smooth wall and a downwelling motion over the rough parts. 2 A. Stroh, K. Schäfer, B. Frohnapfel and P. Forooghi This phenomenon is particularly relevant in applications with spatially non-uniform roughness formation, a well-documented example being flow over turbomachinery blades (Bons et al. 2001) . Experimental investigation of turbulent flow over a damaged turbine blade with irregular surface roughness by Mejia-Alvarez & Christensen (2013) and clearly showed the formation of secondary motions over such a blade surface. Another important manifestation of these secondary motions occurs in river flows, where lateral sediment transport can reinforce and maintain spanwise surface variations of longitudinal bedforms (Wang & Cheng 2006) . Despite the great variety of possible configurations with lateral wall inhomogeneity, two main configurations have been well studied in the recent decades: a spanwise variation in wall shear stress and a spanwise variation of local elevation of the wall. Following Wang & Cheng (2006) , we refer to the configuration where the former effect is dominant as striptype roughness and to the latter as ridge-type roughness, respectively. These authors observed upwelling and downwelling motion in strip-type roughness to occur above the smooth and rough stripes, while for ridge-type roughness, the upwelling and downwelling motions were observed above the elevated and recessed wall areas, respectively. Willingham et al. (2014) and Chung et al. (2018) numerically studied idealised striptype roughness in plane channels with stripes of low and high imposed friction drag on the wall surface. Both groups report a similar secondary flow to that observed by Hinze (1967 Hinze ( , 1973 , i.e. upwelling motion over the low-shear and downwelling motion over the high-shear region. Mejia-Alvarez & Christensen (2013) and identified regions with low and high mean streamwise velocity, termed as low and high momentum pathways (LMP and HMP), which are flanked by streamwise-oriented swirling motions. In the study of Chung et al. (2018) it is shown that either LMP or HMP can be located above the high-shear strip depending on the spanwise extend of the strip. For stripes of free-slip and no-slip boundary conditions Türk et al. (2014) and Stroh et al. (2016) reported a switch of the secondary motion rotational sense through a variation of the spanwise extend of the free-slip region.
Ridge-type roughness has also been studied by various research groups. Goldstein & Tuan (1998) investigated secondary flow above riblets concluding that it is mainly caused by the deflection of the spanwise velocity fluctuations. Vanderwel & Ganapathisubramani (2015) and Vanderwel et al. (2019) studied turbulent flow over streamwise elongated rows of Lego blocks, both experimentally and numerically. Hwang & Lee (2018) employed DNS to examine turbulent boundary layer over streamwise aligned ridges. All these groups observed an upwelling motion above the protruding surface areas.
Despite the fact that reduction of the possible structure configuration to strip-and ridge-type roughness facilitates physical understanding by isolating the shear-increasing effect of the surface roughness from the effects linked to wall elevation, one should note that a clear-cut separation between the two categories is not necessarily possible for realistic roughness. The reason is that formation of roughness is inherently accompanied by a change in the surface height. This calls for an understanding of the conditions under which the behavior of the secondary flow over a realistic roughness resembles that of each category. Such an open question deserves particular attention in case of a protruding roughness, where the shear-inducing and height-increasing effects of roughness can cause opposing senses of rotation in the idealized scenarios.
The aim of the present work is to systematically investigate the effect of roughness mean height on secondary motions and thereby provide an understanding on the conditions under which a roughness strip can be classified under ridge-or strip-type roughness. The effect of spanwise spacing is not part of this investigation. To this end we use DNS to study turbulent flow in a channel with streamwise elongated stripes of roughness, and at the same time systematically vary the mean height of roughness related to the smooth wall level. The roughness topography is identical in all cases and the height difference is varied by shifting the smooth wall.
Procedure
A series of DNS has been carried out in a fully developed turbulent open channel flow driven by constant pressure gradient (CPG). The Navier-Stokes equations are numerically integrated using the spectral solver SIMSON (Chevalier et al. 2007) . A schematic of the numerical domain is depicted in Figure 1 (a). Periodic boundary conditions are applied in streamwise (x) and spanwise directions (z), while the wall-normal extension of the domain (y) is bounded by no-slip boundary conditions at the lower domain wall (y = 0) and symmetry boundary condition (v = 0, ∂u/∂y = ∂w/∂y = 0) at the upper boundary (y = δ). The numerical domain with the size of (L x ×L y ×L z ) = (8δ×δ×4δ) is discretized with 768×301×384 grid nodes resulting in a spatial resolution of (∆x + ×∆y + min , ∆y + max × ∆z + ) = (5.2 × 0.014, 2.6 × 5.2). The velocity components in the streamwise, wall-normal and spanwise direction are denoted by (u, v, w) , respectively.
Statistical integration in time and streamwise direction is carried out over approximately 50 flow-through times for every considered simulation configuration. The initial transient after the introduction of a structured surface is excluded from the statistical integration. The decomposition of the velocity field into mean part and fluctuations given as u i (x, y, z, t) =ū i (y, z) + u i (x, y, z, t) is utilized. Hereby the quantities averaged in streamwise direction and time are denoted with an overbar(·), while angular brackets · denote averaging in spanwise direction. Additionally, based on the assumption of a symmetric velocity distribution with respect to the middle of the rough or the smooth surface stripes, we use those symmetries in the averaging procedure in order to obtain smoother statistical data. The rough and elevated smooth surfaces are modeled by introduction of an external volume force field to the Navier-Stokes equations based on the immersed boundary method proposed by Goldstein et al. (1993) . The presently used immersed boundary implementation has been validated in previous studies by Forooghi et al. (2018) and Vanderwel et al. (2019) . The wave-length, L, represents the size of the alternating structure with a constant roughness fraction Φ = W/L = 0.5, where W denotes the width of the rough area (Figure 1,a) . Based on literature results the wave-length L/δ = 1 is considered, for which the formation of a strong large-scale secondary motion with pronounced LMPs & HMPs is expected. For the roughness stripes we consider a homogeneous roughness distribution with mean surface elevationk/δ = 0.043, k max /δ = 0.10, k rms /δ = 0.024,
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skewness Sk = 0.079 and kurtosis Ku = 2.24. The rough surface is generated using the technique proposed by Forooghi et al. (2017) . As an additional reference case we also carry out a simulation, where the entire wall area is uniformly covered by the rough surface. Figure 1(b) shows the three considered elevations of the smooth surface: h = 0,k and 2k. These three values might represent different roughness types (Bons et al. 2001) : roughness generated by deposition (h = 0, positively skewed, protruding roughness), roughness generated by simultaneous deposition and erosion (h =k, near zero skewness) and roughness generated by pitting, erosion or corrosion (h = 2k, negatively skewed, recessed or "carved" roughness).
The friction Reynolds number in all simulations is fixed at Re τ = u τ δ eff /ν = 500 with the friction velocity u τ = τ eff /ρ and the effective wall-shear stress τ eff = δ eff P x . The effective channel half-height δ eff = δ−h eff (shown in Table 1 for every configuration) takes into account the reduction of the cross-sectional area of the channel, where h eff denotes the melt-down height of the entire introduced surface structure and P x is the imposed streamwise pressure gradient. Due to the reduction of effective channel half-height for structured channels (δ eff < δ) the identical friction Reynolds number (and hence the same scale separation) is maintained across all simulations by an increase of u τ realized through an adjustment of the pressure gradient, so that P x = P s x (δ/δ eff ) 3 , where P s x corresponds to the pressure gradient of the reference smooth channel simulation at Re τ = 500. Since Re τ is fixed, the introduction of the structured surface into the flow field translates into a reduction of the bulk mean velocity
(y, z)dy dz and the corresponding bulk Reynolds number Re b = U b δ eff /ν.
Throughout the manuscript the nondimensionalization in viscous units is indicated by the superscript plus sign (·) + . It is performed using the friction velocity u τ of the particular simulation. The superscript letters "s" and "r" denote the quantities of the smooth and homogeneous rough channel simulation, respectively. Table 1 presents the global flow properties of the three considered heterogeneously rough configurations and compares them to a smooth and to a homogeneous rough channel flow. The spanwise heterogeneous rough surfaces, in which half of the total surface is covered by roughness, exhibit a pronounced reduction of U b by 32 − 35% in respect to the smooth case, while the homogeneous rough surface yields a reduction of 40%. The observed augmentation in skin friction coefficient, c f = 2u 2 τ /U 2 b , primarily originates from this reduction in bulk velocity.
Results

Global Flow Properties
If drag on the heterogeneous roughness could be calculated by superposition of the smooth and an entirely rough surface, which is arguably the asymptotic case when the y/δk stripes are extremely wide, the result would be c f = 0.5(c s f + c r f ) = 2.00c s f . In comparison to this asymptotic state 24%, 18% and 26% higher c f is observed for h = 0,k and 2k, respectively, indicating a significant impact of secondary motions on skin friction drag as previously discussed by e.g. Türk et al. (2014) or Chung et al. (2018) .
The strength of the secondary motion can be measured in terms of the maximal magnitude of the induced secondary motion √v 2 +w 2 /U b max or the specific mean
where ω x is the streamwise vorticity and A is the cross-sectional area of the flow field, i.e. A = 4δδ eff . The latter can be understood as a measure of the rotational energy contained in the secondary motions. Stroh et al. (2016) showed that a minimum of the specific enstrophy can be linked to the reversal of secondary flow direction in case of stripes with slip and no-slip boundary conditions. This is also the case for the present data as will be discussed later. The weakest secondary motion in the present work is observed for h =k which is also the case with the weakest drag increase. For the other two cases with similarly large drag increase, the secondary motion magnitude appears to be a better qualitative measure for the impact of the secondary flow on skin friction drag. Figure 2 presents the inner-scaled mean velocity profiles in logarithmic and defect form for the considered simulation configurations. The significant reduction of U b and the corresponding downward shift of the logarithmic region of the profile is evident for all rough cases (Fig. 2,a) . The streamwise mean velocity defect collapses for the entire set of simulations above y = 0.4δ (Fig. 2,b ). For the rough cases, similar profiles are maintained down to the roughness crest. Especially the two cases with stronger secondary flow (h = 0 & 2k) almost perfectly collapse in the region y > 0.15δ. Figure 3 presents the distribution of the mean velocity overlayed with the secondary flow (depicted by in-plane streamlines) for the three considered elevations of the smooth wall. In all three cases pronounced secondary motion patterns can be observed. In the case of h = 0 (Fig. 3,a) the two main large-scale vortices originate from the edges of the rough ridge. Two additional counter-rotating small vortex-pairs are located on the smooth wall and on top of the rough patch. The deformation of the streamwise velocity profile is shown with brown velocity isolines. It can be seen that a LMP is present over the 0.9 0.9 0.9 0.9 0.9 0.9 0.9 0.9 0.9 0.9 0.9 0.9 0.9 0.9 0.9 0.9 0.9 0.9 0.9 0.9 0.9 0.9 0.9 0.9 0.9 0.9 0.9 0.9 0.9 0.9 0.9 0.9 0.9 0.9 0.9 0.9 0.9 0.9 0.9 0.9 0.9 0.9 1 1.1 1.1 1.1 1.1 0.9 0.9 0.9 0.9 0.9 0.9 0.9 0.9 0.9 0.9 0.9 0.9 0.9 0.9 0.9 0.9 0.9 0.9 0.9 0.9 0.9 1 1.1 1.1 1.1 1.1 1.1  1.1  1.1  1.1  1.1  1.1  1.1  1.1  1.1  1.1  1.1 1.1 1.1 1.1 1.1 1 rough surface part. This flow topology is similar to the secondary flows over ridge-type roughness (e.g. Hwang & Lee (2018) ).
Secondary Motion
In contrast, the case with h = 2k (Fig. 3,c) shows a downward bulging of the streamwise velocity field and thus HMP over the rough surface part. In this case the secondary motion is given through a single counter-rotating vortex pair with an upward motion above the elevated smooth region. This flow topology resembles the secondary flow reported for strip-type roughness (e.g. Willingham et al. (2014) ; Chung et al. (2018) ).
The comparison of these two cases suggests that the alteration of the smooth wall elevation is an additional parameter for the secondary motion formation, which might enable rearrangement of the secondary flow topology from the ridge-type regime (LMP over the elevated rough area) to the strip-type regime (HMP over rough area). The third case h =k (Fig. 3,b ) corresponds to an intermediate state between ridge-and strip-type roughness. In this flow a more complex secondary flow topology is present. The largest vortical structures do not cover the entire vertical domain and are significantly weaker as indicated by the values listed in Table 1 . The streamwise enstrophy as well as the maximum magnitude of the secondary motion are lowest for this case. The rotational direction of the vortex pair in the lower channel half corresponds to the one observed for h = 2k and the small one located in the center of the roughness for h = 0.
Note that even though the bulging pattern of the mean streamwise velocity contours is different in the three cases, it is not so strong as to disturb the similarity of the velocity defect profiles depicted in Fig. 2(b) . This finding is in agreement with the suggestion by Chung et al. (2018) that a departure from the global outer layer similarity -or laterally uniform regime as referred to by these authors -occurs when the ratio of roughness spacing to channel half-height, W/δ, exceeds a threshold that is between 0.39 and 0.79; the present value is 0.5.
Turbulent flow properties
For typical rough surfaces shear stress and turbulent kinetic energy (TKE) in the vicinity of roughness is higher compared to a smooth wall at the same flow rate. In case of laterally heterogeneous roughness, spanwise gradients of these quantities are typically related to the occurrence of secondary motions (Barros & Christensen 2014) even though it is still an open issue in literature whether HMP or LMP are located over high shear stress regions (Chung et al. 2018 ). Fig. 4 shows the spanwise variation of total shear stress,τ xy = µ dū dy − ρu v , and turbulent kinetic energy,K = 0.5(u u + v v + w w ), for all three cases of the present investigation at the same wall-normal location. It can be seen that all roughness stripes yield a similar distribution of total shear stress and TKE in the sense that the regions with high levels of these quantities are always located above the rough stripes. Thus these flows are indeed examples where either HMP or LMP can be located above the high shear stress region depending on the relative height of the roughness. It can be deduced that spatial gradients of TKE or shear stress are not directly linked to the rotational direction of the largest secondary motion and the related occurrence of HMP and LMP in these cases. At the same time it should be noted that the secondary motions directly above the rough stripes are similar for all three cases, as they all generate a spanwise mean flow from the middle of the roughness patch towards its edges, which agrees with the rotational direction reported for strip-type roughness. This secondary motion appears to be strengthened further in case of h = 2k while an opposing secondary motion, originating from the edges of the rough patch, dominates the case h = 0.
Regarding the edge of protruding surface structures, Hwang & Lee (2018) identified the wall-normal deflection of spanwise velocity fluctuations at this location -which results in a strong correlation of spanwise and wall-normal velocity fluctuations, i.e. v w -as an important quantity for the formation of secondary motions. The v w Reynolds stress and in particular its spatial gradients were also found to be important for the rearrangement of secondary flows over slip/no-slip stripes with varying width (Stroh et al. 2016 ). Fig. 5 shows the spatial distribution of v w for the present cases. The magnitude of v w is strongest for h = 0 and a switch of sign above the rough surface strip can be seen for h = 2k. The distribution for h = 2k corresponds to the one found over strip-type roughness (Anderson et al. 2015; Chung et al. 2018) while the distribution for h = 0 is in good agreement with the studies of ridge-type roughness (Hwang & Lee 2018; Vanderwel et al. 2019) . The opposing signs of v w for h = 0 and h = 2k around the smooth-rough transition location can be directly related to the different deflection of spanwise velocity fluctuations. The sign of the generated correlation between v and w differs above the rough to smooth transition depending on whether the roughness or the smooth part of the wall forms the protruding surface.
In case of the recessed roughness (h = 2k) the deflection on the protruding smooth surface part supports the v w distribution found on non-elevated surfaces with increased drag. In consequence, only one pair of secondary vortices is present which coincides with 0 0.2 0.4 0.6 0.8 1 Figure 5 . Reynolds stress v w at different elevation of the smooth stripes h. Brown solid lines mark the isolines for the streamwise mean velocity distribution with isolevels corresponding to Fig. 3. the one found for strip-type roughness. For the protruding roughness (h = 0), on the other hand, the v w distribution, opposes the one for strip-type roughness. In the present case, this influence of the surface elevation dominates the secondary flow formation and thus yields a different rotational direction than for h = 2k. For the case with h =k, where the melt-down height of the roughness is the same as the smooth surface height, the v w distribution appears to be dominated by the protruding parts of the surface roughness for the present geometry. At the same time its influence on the secondary flow formation appears to be weak. Overall, the present results suggest that the variation of rotational direction for different roughness heights is strongly related to the difference in the introduced wall-normal deflections of spanwise velocity fluctuations.
Conclusions
DNS of turbulent flow over alternating, streamwise-elongated, rough and smooth stripes are presented. The roughness is fully resolved numerically by means of an immersed boundary method. While the roughness texture as well as the width and spacing of the rough areas are kept constant, the elevation of the smooth wall is systematically varied. This set-up allows identifying the relevance of protruding or recessed roughness for the secondary flow formation. In addition, it couples the effect of lateral drag variation and roughness elevation whose effects on the secondary flow formation have been mostly studied separately in literature up to now (strip-type roughness vs. ridge-type roughness).
The obtained results reveal opposite rotational directions for the same roughness topography depending on whether it is introduced as protruding roughness (h = 0) or recessed roughness (h = 2k). While the drag on the rough surface stripes is always larger than on the smooth stripes, the secondary flow induces low speed regions above the protruding roughness in contrast to high speed regions above the recessed roughness. Thus, the secondary flow caused by protruding roughness stripes is similar to the behaviour previously reported for ridge-type roughness while that for a recessed roughness resembles the one over strip-type roughness. An intermediate case in which the mean roughness height is identical to the smooth wall position (h =k) resembles the one for strip-type roughness to some extend and produces significantly weaker secondary motion than the two other cases. The global drag on all heterogeneous rough surfaces is significantly larger than the area-weighted superposition of the smooth and rough values would suggest. This drag increase appears to be related to the strength of the secondary motion.
Since the areas with high turbulent kinetic energy and total shear stress are concentrated above the rough stripes for all investigated cases, these quantities cannot be directly related to the observed switch in rotational direction. The turbulence property that is found to be related to this switch is the v w Reynolds stress component. This quantity, whose spatial gradients occur in the mean momentum budget for v and w (Stroh et al. 2016) , switches sign in agreement with the rotational direction of the secondary motion. This sign switch is related to the relative roughness height through the different deflections that spanwise velocity fluctuations experience for protruding or recessed roughness. For recessed roughness the generated v w -distribution is similar to the one for idealized strip-type roughness. Therefore, an elevated smooth surface part potentially enhances the strength of the secondary motion. For an elevated roughness the deflections at the rough-smooth transition are such that a competing mechanism for the secondary flow formation is generated. With increasing roughness height this effect is increasingly dominant and can generate a switch of the large scale rotational direction of the secondary motion. Thus the relative roughness height is identified as a key quantity for the rotational direction of secondary flow over spanwise heterogeneous roughness.
In consequence, the present results suggest that it could be possible to control strength and rotational direction of the secondary motions above inhomogeneous rough surfaces through the relative roughness elevation. Such a control option is highly interesting since the induced secondary motions indicate a significant global drag increase irrespective of their rotational direction while a minimum of drag increase is expected for the transition between protruding and recessed roughness. It remains to be tested in future studies which minimal drag can be achieved for inhomogeneous rough surfaces through minimization of the secondary motions.
